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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
In re Appln. Of: Masaki YAMAMOTO 

For: OPTICAL ELEMENT SUCH AS MULTIPLE FILM REFLECTOR. 

DOCKET: SHIG 19990241 

The Assistant Commissioner of Patents 
Washington, DC. 20231 



PRELIMINARY AMENDMENT 



Dear Sir: 



Applicant respectfully requests that the following amendments be made to the 
above-identified application prior to examination. 
IN THE CLAIMS: 

Please amend claims 3, 6, 10 and 12-19 to read as follows: 

3. (Amended) An optical element according to claim 1, wherein the optical 
element is used for soft X-rays, and the multilayer film is formed of molybdenum layers 
and silicon layers. 

6. (Amended) An optical element according to claim 4, wherein the optical 
element is used for soft X-rays, and the correction film uses one of molybdenum, 
ruthenium, rhodium, and beryllium or a combination thereof. 

10. (Amended) An optical element forming method according to claim 8, 
wherein cutting-away of the multilayer film is controlled by detecting a difference 
between a plurality of materials that forms the multilayer film. 

12. (Amended) A microscope using an optical element according to claim 1. 
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13. (Amended) An exposure apparatus using an optical element according 
to claim 1. 



14. 
15. 
16. 
17. 



(Amended) A telescope using an optical element according to claim 1 . 

(Amended) A microprobe using an optical element according to claim 1 . 

(Amended) An analyzer using an optical element according to claim 1 . 

(Amended) A laser oscillator using an optical element according to 



claim 1. 



18. (Amended) A Fabry-Perot interferometer using an optical element 
according to claim 1. 

19. (Amended) A ring laser gyro apparatus using an optical element 
according to claim 1. 

Please add new claims 20-27 reading as follows: 

--20. A microscope using an optical element according to claim 4. 

21. An exposure apparatus using an optical element according to claim 4. 

22. A telescope using an optical element according to claim 4. 

23. A microprobe using an optical element according to claim 4. 

24. An analyzer using an optical element according to claim 4. 

25. A laser oscillator using an optical element according to claim 4. 

26. A Fabry-Perot interferometer using an optical element according to claim 

4. 

27. A ring laser gyro apparatus using an optical element according to claim 4.- 
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REMARKS 

The claims have been revised to eliminate multiple dependencies and new claims have 
been added to further scope the invention. Pursuant to 37 CFR 1.121, a marked copy of 
the amended claims showing the changes made therein accompanies this amendment. 
No new matter is believed entered by any of the foregoing amendments. 

The filing fees have been calculated based on the claims as amended. In the 
event there are any fee deficiencies or additional fees are payable, please charge them 
(or credit any overpayment) to our Deposit Account No. 08-1391. 

Respectfully submitted, 




Norman P. Soloway 
Attorney for Applicant 
Reg. No. 24,315 



CERTIFICATE OF EXPRESS MAILING 

"Express Mail" Mailing Label No. EF408023048US 

Date of Deposit luly 26, 2001 

I hereby certify that this paper and the papers listed thereon are being deposited 
with the United States Postal Service "Express Mail Post Office to Addressee" service 
under 37 CFR 1.10 on the date indicated above and is addressed to: Box Patent 
Application, Assistant Commissioner of Patents, Washington, DC 20231. 



Signature of Person Mailing 
Name of Person Mailing Kimberly Good 




3 



MARKED COPY OF AMENDED CLAIMS 



In re Appln. of Masaki YAMAMOTO 



DOCKET: SHIG 19990241 



Marked Version of Claims Showing Changes Made: 

3. (Amended) An optical element according to claim 1 [or 2], wherein the optical 
element is used for soft X-rays, and the multilayer film is formed of molybdenum layers 
and silicon layers. 

6. (Amended) An optical element according to claim 4 [or 5], wherein the 
optical element is used for soft X-rays, and the correction film uses one of molybdenum, 
ruthenium, rhodium, and beryllium or a combination thereof. 

10. (Amended) An optical element forming method according to claim 8 [or 
9], wherein cutting-away of the multilayer film is controlled by detecting a difference 
between a plurality of materials that forms the multilayer film. 

12. (Amended) A microscope using an optical element according to [any of 
claims 1 to 7] claim 1 . 

13. (Amended) An exposure apparatus using an optical element according 
to [any of claims 1 to 7] claim 1 . 

14. (Amended) A telescope using an optical element according to [any of 
claims 1 to 7] claim 1. 

15. (Amended) A microprobe using an optical element according to [any of 
claims 1 to 7] claim 1 . 

16. (Amended) An analyzer using an optical element according to [any of 
claims 1 to 7] claim 1 . 



* 



17. (Amended) A laser oscillator using an optical element according to [any 
of claims 1 to 7] claim 1 . 

18. (Amended) A Fabry-Perot interferometer using an optical element 
according to [any of claims 1 to 7] claim 1 . 

19. (Amended) A ring laser gyro apparatus using an optical element 
according to [any of claims 1 to 7] claim 1 . 
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DESCRIPTION 

OPTICAL ELEMENT SUCH AS MULTILAYER FILM REFLECTOR, 
AND THE LIKE, METHOD OF MANUFACTURING THE SAME, 
AND APPARATUS USING THE SAME 

TECHNICAL FIELD 
The present invention relates to an optical element such 
as aref lector, and the like making use of reflection by a multilayer 
film, and more particularly, to the correction of a wavefront 
phase of rays emerging from a multilayer film reflector. 

BACKGROUND ART 
Fig. 1 shows a relationship between the classification of 
electromagnetic waves and wavelengths thereof. First, extreme 
ultraviolet rays and X-rays will be described with reference to 
Fig. 1. Extreme ultraviolet rays (EUV) and vacuum ultraviolet 
rays (VUV) are electromagnetic waves having a wavelength shorter 
than that of ultraviolet rays in the classification of the 
electromagnetic waves shown in Fig. 1(a). As can be seen from 
the comparison of the classification of the electromagnetic waves 
of Fig. 1(a) with the wavelengths of electromagnetic waves of 
Fig. 1(b), X-rays indicate electromagnetic waves having a 
wavelength of 0.001 to 50 nm, wherein soft X-rays indicate X-rays 
having a wavelength of 0.5 to 50 nm. While a boundary between 
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extreme ultraviolet rays and vacuum ultraviolet rays and soft 
X-rays is not clearly determined and they are partly overlapped 
in the classification, extreme ultraviolet rays, vacuum 
ultraviolet rays , and soft X-rays are electromagnetic waves having 
an intermediate wavelength of the wavelengths of ultraviolet rays 
and hard X-rays. Extreme ultraviolet rays, vacuum ultraviolet 
rays, and soft X-rays have such a property that they have a small 
amount of transmittancy and absorbed by an air layer. However, 
since they have a particularly high photon energy, they exhibit 
a transmittance force which permits them to penetrate the interior 
of a material such as metal, semiconductor, insulator, and the 
like from the surface thereof by several hundreds of nanometers. 
Further, since soft X-rays have such a degree of a photon energy 
as to be absorbed in inner shell electrons of atoms constituting 
a material, they exhibit an apparent difference of absorption 
depending upon elements constituting various materials. This 
property of soft X-rays is most suitable to the study of various 
type of materials together with the high resolution thereof . Thus , 
soft X-rays contributes to the study and development of an X-ray 
microscope capable of observing living specimens as they are 
without drying and dyeing them. 

Extreme ultraviolet rays (vacuum ultraviolet rays) and 
X-rays have a high photon energy as compared with that of visible 
rays and have a high transmittance force to materials . Since 
extreme ultraviolet rays and X-rays are not refracted in almost 
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all the materials because of the above reason, it is difficult 
to make a lens . Accordingly, while reflectors are used to converge 
extreme ultraviolet rays and X-rays and to form images using them, 
even a metal surface does not almost reflect extreme ultraviolet 
rays and X-rays. However, since the metal surface can reflect 
extreme ultraviolet rays and X-rays when they are incident on 
it at an angle almost close to the metal surface, an optical system 
making use of the oblique incidence could not held being employed. 

Thereafter, a great deal of attention was paid to a 
"multilayer film mirror" capable of reflecting extreme 
ultraviolet rays (vacuum ultraviolet rays ) or X-rays including 
soft X-rays, which opened a way for developing an optical system 
in which these rays were incident at near normal angle on an extreme 
ultraviolet ray and X-ray imaging optical system. An X-ray 
micrometer making use of X-rays employs the above-mentioned 
multilayer film mirror. The multilayer film mirror will be 
described with reference to Fig. 2. : - 

Fig. 2(a) shows construction of the multilayer film mirror , 
and Fig. 2(b) shows construction of a reflective film. In Fig. 
2(a) , the multilayer film mirror is composed of a multilayer film 
20 formed on a substrate 10, and Fig. 2(b) shows an example of 
construction of a multilayer film used to soft X-rays having a 
wavelength of about 13 nm (photon energy: 97 eV) . In Fig. 2(b), 
the multilayer film 20 is composed of several tens to several 
hundreds of layers each including a pair of molybdenum (Mo) and 
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silicon (Si). The multilayer film 20 is attached to the substrate 
10 as shown in Fig. 2(a). A normal incidence reflectance of 60% 
can be obtained by the multilayer film mirror constructed as 
described above. 

Fig. 3 shows an example of a schematic construction of an 
X-ray apparatus using the multilayer film reflector shown in Fig. 
2(a) . In Fig. 3, the X-ray apparatus is composed of two reflectors , 
that is, a reflector having the reflective multilayer film 20 
attached to the substrate 10 having a concave surface and a hole 
defined at the center thereof and a reflector having a reflective 
multilayer film 22 attached to a substrate having a concave surface 
similarly. Reference symbol L denotes X-rays and the light path 
thereof . 

When X-rays are irradiated toward a body 30 from the left 
side in Fig. 3(a), the X-rays L are reflected by the multilayer 
film reflectors 20 and 22, and an enlarged image 35 of the body 
can be obtained. At that time, the apparatus shown in Fig. 3(a) 
achieves a role as a microscope as shown in (1) of Fig. 3(b). 
The image is formed by X-rays the wavelength of which is one several 
hundredth or less those of visual rays and ultraviolet rays, which 
can improve the accuracy of even a very fine body making the limit 
of resolution caused by unsharpness due to diffraction to one 
several hundredth or less in principle. The above technology 
is further grown to the development and study of an X-ray telescope 
of high accuracy, which contributes to the investigation of the 
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origin of the Milky Way and structures of supernovas by the 
observation of soft X-rays generated from ultra-high temperature 
plasmas . 

Further, when X-rays are irradiated toward the body 35 from 
the right side in Fig. 3(a), the X-rays L are reflected by the 
multilayer film reflectors 22 and 20 so that a reduced image 30 
of the body comes out. At that time, the apparatus shown in Fig. 
3(a) is constructed as an exposing apparatus for executing 
micro-focusing and reduction as shown (2) of Fig. 3(b). 
Competition for developing an X-ray multilayer film mirror for 
a reduced projection exposure optical system is carried out 
internationally mainly by United States and Japan to use the X-ray 
multilayer film mirror as a central component of a next-generation 
ultra LSI manufacturing apparatus. 

As described above, the application of the X-ray multilayer 
film mirror to various fields is expected not only by industrial 
circles but also by academic circles. : . 

These X-ray multilayer film mirrors must be provided with 
a wavefront accuracy of at least one eighth or less a wavelength 
to obtain an imaging performance . To achieve this value , however , 
it is indispensable to finally develop a method of measuring and 
correcting an wavefront error at a wavelength of X-rays being 
used, in addition to the developments of a method of measuring 
and controlling an accuracy of shape of a spherical substrate, 
a method of forming a multilayer film, which has a high reflectance 
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and applies no distortion to a substrate, on the substrate, a 
method of holding an imaging mirror without distortion, a method 
of adjusting the imaging mirror, and the like. 

In particular, the method of correcting a wavefront 
aberration which is definitely important to the determination 
of a final imaging performance is encountered with difficulty 
because an amount of correction is the order of nanometers . At 
present, an adaptive optics (compensation optical) system for 
minutely deforming a substrate at an accuracy of nanometers by 
driving a piezo element and the like, and a method of applying 
a thin film to the surface of a substrate or ion etching the substrate 
are proposed. 

For example, there is a trial for adaptively correcting 
a shape of a reflector by an actuator . This trial will be explained 
by a wavefront aberration correcting apparatus shown in Fig. 4. 
As shown in Fig. 4, the wavefront aberration correcting apparatus 
corrects a wavefront by correcting a shape of the\multi layer film 
mirror -2 0 by applying force to the substrate 10 by an actuator 
60 attached to the substrate 10 of a reflector. In the correcting 
apparatus, softX-raysLpassingthroughapinhole 110 is introduced 
to the reflector by a beam splitter 120 and reflected by the 
multilayer film mirror 20. In the above construction, when a 
knife edge 130 is inserted into the light path of the soft X-rays 
L passing through the beam splitter 120 , a shape of a mirror surface 
can be measured by analyzing an image projected onto a 
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two-dimensional detector 150 with a computer 160. The shape of 
the reflector is corrected by operating the actuator 60 by a control 
circuit 170 based on a result of the measuerment. 

However, these methods are encountered with a great deal 
of difficulty because they are inevitably required to measure 
and control a very minute amount of lnm or less to geometrically 
and optically control a reflection surface in principle. 

DISCLOSURE OF INVENTION 
An object of the present invention is to provide an optical 
element such as a multilayer film reflector and the like having 
a structure capable of simply correcting a wavefront phase. 

To achieve the above object, the present invention is an 
optical element for controlling a phase and an amplitude of emerging 
rays by amultilayer film, wherein a wavefront phase of the emerging 
rays can be adjusted by cutting away the multilayer film in 
accordance with an amount of adjustment of the wavefront phase. 
Cutting-away of the multilayer film can be controlled by detecting 
a difference between a plurality of materials that forms the 
multilayer film. 

The formation of a correction film as well as the formation 
of a multilayer larger than necessary to substantially saturate 
the reflectance permits the correction of a phase by cutting away 
also the multilayer film when the phase cannot be corrected only 
by cutting away the correction film, whereby the phase can be 
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corrected more accurately. 

The use of the above-mentioned multilayer film reflector 
in a microscope, an exposing apparatus, a telescope, amicroprobe, 
an analyzer and the like for X-rays and extreme ultraviolet rays 
(vacuum ultraviolet rays) permits a difference of phase to X-rays 
and extreme ultraviolet rays (vacuum ultraviolet rays) to be 
controlled by cutting away the multilayer film and the like , whereby 
a desired imaging performance can be easily obtained. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a view showing a classification of electromagnetic 

waves and wavelengths of electromagnetic waves; 

Fig. 2(a) is a view showing construction of a multilayer 

film mirror, and Fig. 2(b) is a view showing a Mo-Si multilayer 

film; 

Fig. 3 is a view showing a schematic construction of an 
X-ray apparatus using a multilayer film reflector; 

Fig. 4 is a view showing a wavefront aberration correcting 
apparatus for correcting a wavefront by correcting a shape of 
a multilayer film mirror by applying force to a substrate by an 
actuator; 

Fig. 5 is a graph showing a reflectance when a number of 
multilayer films for executing reflection is increased; 

Fig . 6 is a graph showing a change of a phase and a reflectance 
when the multilayer films which larger than that necessary to 
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saturate the reflectance are removed; 

Fig. 7 is a view showing construction of a multi-layered 
mirror of another embodiment of the present invention; 

Fig. 8 is a view showing procedures for correcting the 
multilayer film mirror of the another embodiment; 

Fig. 9 is a graph showing a case in which an auxiliary film 
and the multilayer film which has the number of cycles larger 
than that necessary to saturate a reflectance are cut away; 

Fig. 10 is a view showing construction of a soft X-ray 
microscope system using the multilayer film of the present 
invention; and 

Fig. 11 is a view showing construction of a soft X-ray 
telescope system using the multilayer film of the present 
invention. 

BEST MODE OF CARRYING OUT THE INVENTION 
Embodiments of the present invention will be described below 
in detail with reference to the drawings. 

Fig. 5 is a graph showing a relationship between the number 
of cycles as the number of films of a multilayer films (number 
of repetitions of films constituting the reflective multilayer 
film, each of the films being composed of a material having a 
high refractive index and a material composed of a material having 
a low refractive index) and a reflectance in a reflector using 
a multilayer film as shown in Fig. 2(a). The films have an optical 
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thickness of one fourth a wavelength, respectively. Fig. 5 shows 
a relationship between a multilayer film composed of ruthenium 
(Ru) and silicon (Si) , a multilayer film composed of rhodium (Rh) 
and silicon (Si), a multilayer film composed of molybdenum (Mo) 
and silicon (Si), a multilayer film composed of ruthenium (Ru) 
and carbon (C), and a multilayer film composed of rhodium (Rh) 
and carbon(C) and reflectances. 

As can be seen from the graph shown in Fig. 5, an increase 
in the number of cycles of the films constructing the multilayer 
film causes the reflectance to saturate so that the reflectance 
is not changed even if the films are repeated. 

A saturated reflectance does not reach 100% and takes a 
value of about 15% to 80% in a wavelength region in which film 
materials that absorb extreme ultraviolet rays, soft X-rays, 
X-rays, and the like are used as an element of the multilayer 
film, in this saturated state, a multilayer film formed in the 
number of cycles larger than that necessary to saturation changes 
the phase of reflected rays while it does not contribute to an 
increase in an amplitude. 

Therefore, a wavefront phase can be corrected by forming 
a multilayer film the number of cycles of which is larger than 
that necessary to substantially saturate a reflectance and by 
cutting away the multilayer film in the range in which the 
reflectance is saturated because of a reason described below. 
That is, several tens to several hundreds of layers of lamination 
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is necessary in a multilayer film mirror used for, for example, 
X-rays, and extreme ultraviolet rays (vacuum ultraviolet rays) 
because a very minute amount of reflection is caused on respective 
boundaries. According to a theoretical analysis, reflection is 
caused on an overall multilayer film physically and optically. 
Therefore, the surface portion of the multilayer film acts as 
a transmission film. 

The present invention corrects the wavefront phase of 
emerging rays by forming a multilayer film having the number of 
cycles which is larger than that by which a reflectance is 
substantially saturated and by cutting away the multilayer film 
in accordance with an amount of adjustment of the wavefront phase . 
When the amount of correction is relatively small, the phase can 
be corrected by cutting away the multilayer film so that the 
variation of a reflectance can be reduced as compared with a case 
in which the multilayer film is formed by adding a correction 
film as described below. 

Fig. 6 shows an example in which changes of a phase and 
a reflectance are measured by cutting away a multilayer film formed 
in the number of cycles larger than necessary to saturate the 
reflectance. Soft X-rays measured have a wavelength of 12.78 
nm, and the multilayer film is composed of Mo/Si, has a thickness 
one fourth a wavelength and is formed of 121 layers. Complex 
refractive indices n si and n Mo of silicon (Si) and molybdenum (Mo) 
that form the multilayer to the soft X-rays having the wavelength 
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of 12.78 ran are as follows. 

n si = 1.00276 - 0.00151 

n Mo = 0.9324 - 0.005981 
A reflectance by the multilayer film is 76.4%. Fig. 6 shows a 
change of a phase (a) and a change of a relative reflectance (b), 
respectively when the multilayer film is cut away from the upper 
portion thereof. As can be seen from the graph, even if the 
multilayer film, which is formed in the number of cycles larger 
than that necessary to saturate a reflectance, is cut away, the 
reflectance is not changed, but the phase of reflected rays is 
changed . 

A step at which the phase is changed in Fig. 6 is caused 
by milling (cutting away) one cycle of the multilayer film. That 
is, the phase is changed in such a manner that it is reduced by 
milling a Mo film and slightly increased by milling a Si film. 
Since each layer of the Mo/Si multilayer film shown in Fig. 6 
has a film thickness of about 4 nm, milling of one Mo layer 
corresponds to the reduction of a phase angle of 5°. When this 
value is shown as an error of shape of a substrate, it corresponds 
to (13 nm/2) * (5°/360°) =0.09 nm, which shows that the error 
of shape of the substrate can be digitally controlled by 0.9A 
by milling one cycle of the film. In other words, when it is 
intended to mill a predetermined portion of a surface in a certain 
amount of correction, a milling thickness can be precisely 
controlled by stopping milling when a material appearing on the 



- 13 - 



surface is changed from Mo to Si. 

A change of a material caused by milling can be simply 
monitored using a method of monitoring a material discharged by 
milling, an electronic method of utilizing a change of a material 
in a secondary electron discharge yield, a reflectance measuring 
method utilizing an optical change of characteristics such as 
a change of an optical constant of visible rays, ellipsometry , 
and the like. These methods can be easily used together with 
a most ordinary method of controlling a milling depth by a 
cutting-away time by stabilizing an amount to be cut-away in time . 
These features result from that the phase is corrected by milling 
at least one cycle of the surface of the multilayer film. 

It has been described above that when milling is carried 
out for each one cycle in the example of the Mo/Si multilayer 
film shown in Fig. 6, an accuracy of 0.1 nm can be achieved to 
the error of shape of the substrate. However, when the milling 
of one cycle is examined in detail, the following steps can be 
found : - 

1. the phase is not almost changed in the milling of the 
Si layer (actually, the phase is slightly increased because a 
refractive index is slightly larger than 1 ) ; 

2. at the same time, a relative intensity reflectance is 
in a flat state in which it is not almost changed while the Si 
layer is being milled (the bottom portion of a change of oscillation 
due to interference) ; and 
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3. in contrast, the phase is reduced and the reflectance 
is changed while the Mo layer is being milled. 
Accordingly, when milling is stopped at the portion of each Si 
film in the above digital milling, only the phase is changed by 
a predetermined angle (about 6°) each time, and the reflectance 
is not changed. Specifically, since it is sufficient to stop 
milling when Si appears by milling a Mo layer, a timing at which 
milling is stopped has a large amount of allowance . Specifically, 
when a Si film has a thickness within the range of about 3.5 nm, 
it has an allowance of at least +1 nm. Further, a change of the 
reflectance can be easily made within 1% making use of this 
property. 

Incidentally, when a complex amplitude reflectance of a 
multilayer film is taken into consideration on a complex plane, 
a radius vector is equal to an amplitude and an angle of deviation 
is represented by the same point. Therefore, cutting-away of 
the multilayer film causes the complex amplitude reflectance to 
move on-a circumference the center of which substantially coincides 
with an origin. 

Theoretically, when a change of an amplitude reflectance 
is determined in the cutting-away of a multilayer film from the 
upper surface thereof, a reference of calculation of a phase and 
an amplitude resides on the uppermost surface of the multilayer 
film at all times. Thus, it is necessary to use the surface of 
the multilayer film before it is cut away as the reference surface 
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of the phase to calculate an effect for cutting a certain portion 
from the surface. To satisfy this object, it is necessary, when 
a certain thickness d is cut away, to calculate the effect by 
assuming that a vacuum layer is laminated by the thickness d. 
This assumption makes it possible to fix the reference surface 
fixed at a position prior to cutting-away at all times so that 
the effect of a predetermined phase and a predetermined amplitude 
obtained by the cutting-away can be precisely calculated. 

Fig. 7 shows another construction of a reflector of the 
present invention. In Fig. 7, a correction film 50 is formed 
on a multilayer film 20 which is formed on a substrate 10 in the 
number of cycles larger than that necessary to saturation. 

In a multilayer film mirror used for, for example, X-rays 
and extreme ultraviolet rays (vacuum ultraviolet rays), several 
tens to several hundreds of layers of lamination are necessary 
because a reflection is caused very slightly on respective 
boundaries. According to a theoretical analysis, reflection is 
caused -on an overall multilayer film physically and optically. 
Thus, as shown in Fig. 7, the addition of the phase correction 
film 50 on the uppermost surface of the multilayer film 20 larger 
than substantial saturation permits the film 50 to act as a 
transmission phase correction film. However, since no 
transparent material exists in this wavelength region, a material 
which can constitute the phase correction film must satisfy the 
condition of an extinction coefficient k together with a refractive 



- 16 - 



index n. 

A film material constituting the correction f ilmcan provide 
a larger amount of phase correction when it has a larger difference 
between refractive indexes (1 - n) and a smaller extinction 
coefficient k. Therefore, an optical reference for selecting 
a material can be judged by a ratio between an amount of change 
of a phase caused by a unit thickness and damping of an amplitude 
caused by absorption, and a suitable material has a lager value 
of {difference between refractive indexes (1 - n) /extinction 
coefficient k} . 

When soft X-rays having a wavelength of 13 nm is used as 
an example, the use of molybdenum (Mo) film, in which a difference 
(1 - n) between a refractive index n of the film and a refractive 
index 1 of vacuum in a soft X-rays region is about 0 . 1 or less 
(difference between refractive indexes: 0.065, extinction 
coefficient: 0.0065 ) permits a film thickness to be geometrically 
controlled at a resolution of about 1/15 because a difference 
of a phase is physically optically controlled in a difference 
between refractive indexes (1 - n) of about 1/15. That is, an 
effective wavefront control of 1 nm of an X-ray multilayer film 
imaging mirror can be achieved by the control of the molybdenum 
film having a film thickness of 15 nm, and a desired imaging 
performance can be obtained. Thus, it is sufficient to cut away 
the correction film at an accuracy of 1.5 nm of a film thickness 
to correct a phase error at an accuracy of 0.1 nm because the 
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amount of correction is a product of the difference between 
refractive indexes (1 - n) and the amount of change Ad of the 
film thickness d. 

Further, a change of reflectance caused by a correction 
film must be calculated in consideration of a change of film 
thickness and interference of a multilayer film. However, a 
reduction rate of reflectance is about 1 . 2%/nm even if it is simply 
calculated and it is reduced only by about 0.7% in a mirror having 
a reflectance of 60%. 

When sufficient correction cannot be performed by the 
correction film, correction can be further carried out by cutting 
away the multilayer film larger than that necessary to substantial 
saturation . 

Ruthenium, rhodium, and beryllium are available as the 
material having a large difference between refractive indexes 
(1 - n) and a small extinction coefficient k. A correction film 
to soft X-rays can be composed of one of these materials including 
molybdenum or a combination of these materials. 

Fig. 8 explains a method of correction using the correction 
film and the multilayer film shown in Fig. 7. 

As shown in Fig. 8(a), the correction film 50 having a 
sufficient thickness is previously formed on the multilayer film 
20 that is formed on the substrate 10, and the correction film 
50 is cut away by milling in a necessary amount (refer to Fig. 
8(b)). When the correction film 50 cannot be sufficiently cut 
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away, the multilayer film is cut away (refer to Fig. 8(c)), 

While the uppermost surface of the correction film and the 
like having been milled by the method is roughened, a transmission 
wavefront is not almost affected by the roughness because the 
difference of the refractive index thereof to vacuum is small. 

Fig. 9 is a graph showing an example that after a multilayer 
film was formed in the number of cycles which was larger than 
that necessary to substantial saturation and a correction film 
was formed thereon, the correction film and the multilayer film 
were cut away from the upper portions thereof as explained in 
Figs. 7 and 8, and a change of wavefront phase was measured. As 
shown in Fig. 9(a), after 121 cycles of a Mo/Si multilayer film 
was formed and a molybdenum (Mo) correction film of 300 A was 
formed thereon, the Mo correction film was cut away from the upper 
portion thereof. A complex refractive index of silicon (Si) n s i 
and a complex refractive index of molybdenum (Mo) n Mo that formed 
the multilayer film to soft X-rays having a wavelength of 12.78 
nm were as follows. 

n si = 1.00276 - 0.0015i 
n Mo = 0.9324 - 0.00598i 
Further, a reflectance of the 300 A. correction film and the 
121-multilayer film was 56.2%. 

Fig. 9(b) shows a case in which the correction film and 
the multilayer film constructed as described above were cut away 
from the upper portions thereof. Fig. 9(b) shows a relative 
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reflectance to the soft X-rays having the wavelength of 12.78 
nm (which is 1 when they are not cut away: shown on a right scale) 
and a change of wavefront phase (which is 0 when they are not 
cut away: shown on a left scale). When the correction film is 
cut away, the phase and the reflectance are not changed linearly 
and are variably changed by the interference of the Mo film. 
Further, when the multilayer film is cut away, the cycles of change 
of the phase and the reflectance coincide with the cycles of the 
cyclic film. A change of reflectance, when the multilayer film 
portion is cut away, is small as compared with a change thereof 
when the correction film is cut away. 

As can be seen from the graph of Fig. 9(b) showing the 
correction film having been cut away, the phase can be changed 
by cutting away also the multilayer film. However, an amount 
of correction of phase to a cut-away amount, which can be achieved 
by cutting away the multilayer film, is smaller that achieved 
by cutting away the correction film. 
<Example of use of reflector> 

Fig. 10 shows a soft X-ray microscope system using the 
above-mentioned reflector capable of simply correcting a 
wavefront error. A light path of soft X-rays is disposed in a 
vacuum vessel 200 because soft X-rays are absorbed by air. Further, 
the system is roughly divided into four components of a light 
source, an imaging optical mirror, a detection subsystem, and 
a control /measurement subsystem, and can observe a specimen 310 
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using these components. 

A laser generator 210, a metal target 30 0, a spectroscope 
220, and a pin hole 230 are used as the soft X-ray source. The 
imaging optical mirror 240 is composed of a combination of the 
above-mentioned multilayer film mirror, which has a concave 
surface and a hole defined at the center thereof, and the 
above-mentioned multilayer film mirror having a convex surface 
and disposed just in front of the above multilayer film mirror. 
The microscope system further includes a two-dimension detector 
250 and a computer 260. The two-dimension detector 250 has a 
photoelectric surface 2 52 for detecting the soft X-rays irradiated 
to the specimen 310, and the computer 260 captures detected data 
and controls a position of the specimen. 

In this construction, first, when strong infrared pulse 
laser is converged at the metal target 300 by the pulse laser 
generator 210 through a lens to generate soft X-rays as a light 
source, plasma having a high energy is generated. The plasma 
emits electromagnetic waves having various wavelengths. Thus, 
soft X-rays are taken out from the electromagnetic waves having 
the various wavelengths using the spectroscope 22 0. The soft 
X-rays emerging from the spectroscope 220 pass through the pin 
hole 230 and irradiates the specimen 310. The soft X-rays 
irradiated to the specimen 310 enlarge the image of the specimen 
310 by the imaging optical mirror 240 and form it on the 
photoelectric surface 252 of the two-dimension detector 250 . Then, 
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the computer 260 captures the data detected by the two-dimension 
detector 250 and forms it as an image. The computer 260 also 
controls a position of the above-mentioned specimen 310, in 
addition to the above. 

The use of the above-mentioned construction in the reflector 
used in the microscope system as described above can correct a 
wavefront aberration of rays at an accuracy and a resolution of 
1 nm or less. With this construction, an optimum wavefront 
accuracy can be obtained in accordance with a state in which the 
reflector is used by finally correcting an X-ray wavefront using 
a correction film and the like after a multilayer film is formed 
even if an error of shape of a substrate does not reach a desired 
value . 

In the application of the reflector to an X-ray telescope, 
a telescope of a directly incident Cassegrainian telescope and 
the like of light weight and high performance can be constructed 
in place of a nested-type telescope having an obliquely incident 
cylindrical mirror as a nest by employing correction executed 
by the correction film and the like. Fig. 11 shows an example 
of construction of the telescope. 

In Fig. 11, a reflective type telescope 4 00 is mounted on 
a camera 450. The multilayer film reflector described above is 
used in each of reflectors 410 and 415 constructing the reflective 
type telescope 400. After rays incident on an outside cylinder 
42 0 are reflected by the reflector 410, they are reflected by 
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the reflector 415 and incident on the camera 450 from a baffle 
430. 

With this construction, an ultimate resolution as small 
as an aproximate observing wavelength, which cannot be obtained 
by a conventional telescope, can be expected in an X-ray telescope 
of light weight and high performance, which is mounted on, for 
example, an artificial satellite, by reducing a wavefront 
aberration of a multilayer film mirror. 

The above-mentioned multilayer film reflector can also be 
used in an X-ray microprobe . In the application of the multilayer 
film reflector to the X-ray microprobe, a special resolution, 
which is conventionally several tens of micrometers , can be reduced 
up to the region of 0.01 [xm, which can dramatically widen subjects 
to be inspected by the X-ray microprobe including various types 
of submicron devices . 

The above-mentioned multilayer film reflector can be used 
also in an X-ray analyzer. The X-ray analyzer, can improve an 
angle accuracy as well as can observe a minute specimen because 
it can collimate beams parallel or converge them. Further, the 
multilayer film reflector can be applied to the analysis of a 
two-dimensional image by being combined with an imaging system. 

Defects made on a reflective wavefront can be repaired in 
a multilayer film reticle mask and an imaging mirror used in a 
reduced projection exposure optical system, in addition to the 
above-mentioned X-ray microscope, X-ray telescope, X-ray 
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microproble, and X-ray analyzer. 

Since the wavefront of the multilayer film mirror can be 
easily corrected in the various applications of the X-ray 
transmission multilayer film in addition to the above, the phase 
of X-ray transmission and reflection wavefronts can be adjusted 
to target values and target two-dimensional distributions. 

While the application of the multilayer film reflector to 
the equipment using X-rays is described above, it is needless 
to say that the multilayer film reflector can also be used in 
equipment using extreme ultraviolet rays (vacuum ultraviolet 
rays) , and the like in the same way. Further, since the principle 
of the present invention utilizes the physical and optical 
properties of rays, the present invention is effective to all 
the electromagnetic waves making use of a multilayer film such 
as ultraviolet rays, visible rays, infrared rays, and further 
a microwave region , and the like . For example , in the application 
for increasing an accuracy of a reflective wavefront, the present 
invention is very effective to a mirror for a laser oscillator 
and to a mirror constructing similar Fabry-Perot and ring laser 
gyro resonators . Further , since it is possible to provide special 
wavelength dispersion characteristics making use of a dif f ractive 
effect, a polarizing element having wavelength dispersion can 
be made by the utilization of polarizing characteristics 
accompanying with the special wavelength dispersion 
characteristics. Thus, the polarizing element can be used in 
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a mirror and a beam splitter. In particular, the polarizing 
characteristics are effective to a half mirror of a photomagnetic 
apparatus . 

It is also possible to make a phase grating using the 
multilayer film of the present invention. In the formation of 
the phase grating, a groove structure having a thickness for 
providing a phase difference of 180° is formed on the surface 
of a substrate using the multilayer film. The phase grating is 
a diffraction grating of a new type that acts as a two-dimensional 
phase grating. In a conventional method, since the surface of 
a substrate is roughed due to a groove structure formed on the 
substrate, the characteristics of a multilayer film formed on 
the surface is deteriorated. Further, a processing accuracy must 
be kept to at least one-twentieth or less a wavelength to be used. 

The method of the present invention can achieve an accuracy, 
which cannot be achieved by a conventional geometrical reflective 
surface position control, by controlling a difference of light 
path. : The difference of light path is a product of a milling 
thickness d of amultilayer f ilmand a difference between refractive 
indexes (n - 1). The difference of reflective indexes is a 
difference between an average refractive index n of a multilayer 
film and a refractive index 1 of vacuum (medium) . A smaller value 
of (n - 1) increases an accuracy of a wavefront which is corrected 
by milling a thickness d. When visible rays are used in a 
transparent material such as a glass, improvement in accuracy 



- 25 - 



is doubled (1.5 - 1 = 0.5), whereas, in a soft X-ray region, 
improvement of accuracy of the order of one hundred times is 
expected because a refractive index is slightly smaller than 1 
and (1 - n) is the order of 0.01. 

Further, the multilayer film of the present invention can 
be used as an amplitude modulation hologram. In this case, the 
hologram is formed by cutting away the multilayer film by two 
dimensionally controlling a surface shape in a plane so as to 
regulate the phase and the amplitude of a wavef ront from which 
rays emerge . 

An element which can be used to filter a phase and an amplitude 
can be formed by forming the multilayer film of the present 
invention. In this case, a novel means for executing various 
types of filtering in a spatial frequency space is provided by 
combining the multilayer film with an imaging system. 

The present invention can provide a new method of realizing 
a novel image display panel and the like by further modulating 
an optical length (length of a light path) in time in the above 
method. Further, the multilayer film can be used as a transmission 
type multilayer film because it substantially acts as a 
transmission film with respect to reflection from a lower portion. 

In addition to the above-mentioned, when such a 
characteristic that a refractive index is greatly different 
depending a wavelength is utilized, an element can be made which 
makes use of a phenomenon that a different surface shape appears 
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depending upon a length of rays. For example, an mirror used 
for extreme ultraviolet rays (EUV) has an ideal shape (for example, 
spherical shape) to EUV rays. However, since the spherical 
surface shape disappears after awavef ront is corrected, themirror 
has such characteristics that rays reflected on the surface of 
the mirror are, for example, diverged apart from the spherical 
surface. That is, a different refractive index can provide 
characteristics which are similar to a case in which a surface 
shape is changed depending upon a wavelength. This permits a 
mirror to be made which has such a feature, for example, that 
while rays having a certain wavelength is converged by the mirror, 
rays having other wavelength are not converged thereby. When 
this feature is applied to an imaging system, an optical system, 
in which an image can be formed sharply by rays having a certain 
wavelength but an image formed by rays of other wavelength is 
made unsharp. On the contrary, when the rays are stopped at a 
converging point, an image is formed by rays from which a certain 
wavelength is removed. This means that a reflector having a very 
large amount of color aberration can be made in, for example, 
a transmission optical system. When this feature is developed, 
an element , which positively makes use of dispersion of awavelength 
of a refractive index, such as a mirror having a different focal 
length depending upon a wavelength, a double focus mirror, and 
the like can be realized. A refractive index is only slightly 
dispersed in a conventional transmission optical element because 
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the element makes use of a transparent material , that is , a material 
in which a refractive index is normally dispersed. Thus, the 
element is utilized only in a prism type spectrometer, and the 
like, in which dispersion of refractive index is an obstacle that 
is rather useless as color aberration. The multilayer film 
reflector of the present invention is basically constructed as 
a reflective type reflector, which makes various combinations 
possible from X-rays to infrared rays and microwaves regardless 
of the wavelengths thereof . A refractive index is greatly changed 
in an abnormal dispersion region of various materials or in a 
region thereof where absorption is caused by molecules, and these 
materials can be positively utilized. 

Industrial Applicability 

As described above, the present invention can remarkably 
improve the property of a multilayer film formed, for the purpose 
of controlling the phase and the amplitude of rays and rays emerging 
from electromagnetic waves . In particular , in an imaging optical 
system making use of the multilayer film, an imaging performance 
can be improved up to a limit by improving the controllability 
of a wavefront phase of reflection and transmission. 
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CLAIMS 

1. An optical element for controlling a phase and an 
amplitude of emerging rays by amultilayer film, wherein a wavefront 
phase of the emerging rays is adjusted by cutting away the 
multilayer film in accordance with an amount of adjustment of 
the wavefront phase. 

2 . An optical element, wherein themultilayer filmis formed 
for reflection in a number of cycles larger than that necessary 
to substantially saturate a reflectance. 

3. An optical element according to claim 1 or 2 , wherein 
the optical element is used for soft X-rays, and the multilayer 
film is formed of molybdenum layers and silicon layers. 

4. An optical element for controlling .a phase and an 
amplitude of emerging rays by a multilayer film, comprising a 
correction film that is disposed on themultilayer film and composed 
of a material having a large difference ( 1 - n) between an refractive 
index n to incident rays and 1 as well as having a small extinction 
coefficient k to the incident rays, wherein a wavefront phase 
is adjusted by cutting away the correction film and the multilayer 
film in accordance with an amount of adjustment of the wavefront 
phase . 
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5. An optical element according to claim 4, wherein the 
multilayer film is formed for reflection in a number of cycles 
larger than that necessary to substantially saturate a 
reflectance . 

6. An optical element according to claim 4 or 5, wherein 
the optical element is used for soft X-rays, and the correction 
film uses one of molybdenum, ruthenium, rhodium, and beryllium 
or a combination thereof. 

7. An optical element according to claim 6, wherein the 
multilayer film is formed of molybdenum layers and silicon layers . 

8 . An optical element forming method , comprising the steps 
of forming a multilayer film on a substrate to control a phase 
and an amplitude of emerging rays , and adjusting a wavef ront phase 
of the emerging rays by cutting away the multilayer film in 
accordance with an amount of adjustment of the wavef ront phase. 

9 . An optical element forming method according to claim 
8, wherein the multilayer film is formed in a number of cycles 
larger than that necessary to saturate a reflectance. 

10. An optical element forming method according to claim 
8 or 9, wherein cutting-away of the multilayer film is controlled 
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by detecting a difference between a plurality of materials that 
forms the multilayer film. 

11. An optical element forming method, comprising the steps 
of forming a multilayer film on a substrate in a number of cycles 
larger than that necessary to saturate a reflectance, further 
forming a correction film on the multilayer film, and cutting 
away the correction film or the correction film and the multilayer 
film in accordance with an amount of adjustment of a wavefront 
phase of emerging rays . 

12 . A microscope using an optical element according to any 
of claims 1 to 7 . 

13. An exposure apparatus using an optical element 
according to any of claims 1 to 7 . 

14. A telescope using an optical element according to any 
of claims 1 to 7 . 

15 . A microprobe using an optical element according to any 
of claims 1 to 7 . 



16. An analyzer using an optical element according to any 
of claims 1 to 7 . 
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17. A laser oscillator using an optical element according 
to any of claims 1 to 7 . 

18 . A Fabry-Perot interferometer using an optical element 
according to any of claims 1 to 7 . 

19. A ring laser gyro apparatus using an optical element 
according to any of claims 1 to 7 . 
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ABSTRACT 

A multilayer film reflector capable of simply correcting 
a wavefront phase and a method of forming the reflector are 
disclosed. 

For this purpose, a reflector using reflection by a 
multilayer film is disclosed. This multilayer film is formed 
in a number of cycles larger than that necessary to substantially 
saturate a reflectance, and a wavefront phase of emerging rays 
is adjusted by cutting away the multilayer film in accordance 
with an amount of adjustment of the wavefront phase. 

Further, the formation of a correction film as well as the 
formation of a multilayer larger than necessary to substantially 
saturate the reflectance permits the correction of a phase by 
cutting away also the multilayer film when the phase cannot be 
corrected only by cutting away the correction film, whereby the 
phase can be corrected more accurately. 
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35 U.S.C 1 12, 1 acknowledge the duty to disclose information which is material to patentability 
as defined in 37 CFR 1 .56 which became available between the filing date of the prior 
application and the national or PCT international filing date of this application: 

PCT/JP00/05571 18.08.2000 



US Parent Application No. Parent Filing Date Parent Patent Number 

or PCT Parent Appin. No. (if applicable) 

And I hereby appoint HAYES, SOLOWAY, HENNESSEY, GROSSMAN & HAGE, P.C., a 
firm composed of Oliver W. Hayes, Reg. NOjJJ^l; Norman P. Soloway, Reg. No. 24,315;_ 
William O. Hennessey, Reg. mj}2&32-, Susan H. Hage, Reg. N p. 29,64 6; Steven J. Grossman, 
Reg. N o. 35,00 1 ; and Donald J.Terreault, Reg. N o . 40.126, or any of them, of 175 Canal Street, 
Manchester, New Hampshire 03101 (Telephone: 603-668-1400); or Edmund Paul Pfleger Reg 
No. ,4L252; Dale F. Regelman, Reg. No. 45,625; or Kevin M. Drucker, Reg. No ^47,537, or any 
of them, of 130 W. Cushing Street, Tucson, Arizona 85701 (Telephone: 520-882-7623) my 
attorneys with full power of substitution and revocation, to prosecute this application and to 
transact all business in the Patent Office connected therewith. 

Please direct all future correspondence in connection with this application to the attention of 
\ Norman P. Solowav. HAYES, SOLOWAY, HENNE SjSEY_GR OSSMAN & HAGE . P.C.. 130 
W^ ushing Street, Tucson, Arizona 857 0 ^ (Telephone: 520-882-7623). 




I hereby declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. __^0 

Full name of sole or first inventor: Masatri YAMAMOTO 



First Inventor's signature >^-^V^^/ //\) Date v_Xu^ f 2- £ t: / 

Residence: 1-206. 15, Nakae2ch6me, Aoba-ku, Sendai-Shi, Mivagi 980-0001 JAPAN 

Citizenship: JAPANESE * 

Post Office Address: Same as Residence \p vL_ 



IMPORTANT NOTICE RE DUTY OF CANDOR AND GOOD FAITH 

The Duty of Disclosure requirements of Section 1.56(a), of Title 37 of the Code of 
Federal Regulations are as follows: 

A duty of candor and good faith toward the Patent and Trademark Office rests on the 
inventor, on each attorney or agent who prepares or prosecutes the application and on every other 
individual who is substantively involved in the preparation or prosecution of the application and 
who is associated with the inventor, with the assignee or with anyone to whom there is an 
obligation to assign the application. All such individuals have a duty to disclose to the Office 
information they are aware of which is material to the examination of the application. Such 
information is material where there is a substantial likelihood that a reasonable examiner would 
consider it important in deciding whether to allow the application to issue as a patent. The duty is 
commensurate with the degree of involvement in the preparation or prosecution of the 
application. 

By virtue of this regulation each inventor executing the Declaration for the filing of a 
Patent Application acknowledges his duty to disclose information of which he is aware and 
which may be material to the examination of the application. 

Inherent in this is the duty to disclose any knowledge or belief that the invention: 

(a) was ever known or used in the United States of America before his invention thereof; 

(b) was patented or described in any printed publication in any country before his 
invention thereof or more than one year prior to the actual filing date of the U.S. patent 
application; 

(c) was in public use or on sale in the United States of America more than one year prior 
to the actual filing date of the U.S. patent application; or 

(d) has been patented or made the subject of inventor's certificate issued before the actual 
filing date of the U.S. patent application in any country foreign to the United States of America 
on an application filed by him or his legal representatives or assigns more than twelve months 
before the actual filing date in the United States. 

NOTE: The "Information" concerned includes, but is not limited to, all published applications 
and patents, including applicant's and assignee's own, U.S. or foreign applications and patents , as 
well as any other pertinent prior art known, or which becomes known, to the inventor or his 
representatives. Where English language equivalents of foreign language documents are known, 
they should be identified and, when possible, copies supplied. Failure to comply with this 
requirement may result in a patent issued on the application being held invalid even if the known 
prior art which is not supplied is material to only one claim of that patent. 



3 



